Foxp3
The mucosal surfaces are under constant threat of invasion by all kinds of microorganisms. Consequently, these tissues are equipped with a robust mucosal immune system, consisting of various immune cells with potent activity. There are many unique lymphocyte populations in the mucosal lamina propria, such as IgA-secreting plasma cells, γδ T cells, innate lymphoid cells (ILCs) and T helper 17 cells (T H 17 cells). They cooperatively have important roles in defence against infection by patho gens and in the maintenance of the mucosal barrier system. By contrast, unnecessary reactions to harmless environmental antigens must be suppressed. Indeed, unrestrained inflammatory responses to ingested food and resident commensal microbiota by effector T cells, ILCs and myeloid cells are the main cause of intestinal inflammation and tissue damage in patients with inflammatory bowel diseases (IBDs) 1, 2 . Thus, the immune system in the intestinal mucosa must be tightly regulated. This important task is mediated by several mechanisms, among which forkhead box P3 (FOXP3)-expressing CD4 + regulatory T (T reg ) cells have a major role.
Seminal studies by Shimon Sakaguchi and his colleagues showed that depletion of the CD25 (also known as IL-2Rα) + subpopu lation of CD4 + T cells resulted in the development of spontaneous multiorgan autoimmunity, including gastrointestinal inflammation 3 . Fiona Powrie and her colleagues developed a CD4 + CD45RB hi T cell transfer model of IBD and subsequently discovered that the symptoms of this model could be suppressed through the co-transfer of CD4 + CD25 + T cells 4 . FOXP3 was then discovered to be a crucial transcription factor for bona fide T reg cells among the CD4 + CD25 + T cell population [5] [6] [7] and a Foxp3 mutation in so-called scurfy mice was found to be the cause of their multi-organ inflammatory condition that also included intestinal inflammation 8 . More recently, acute FOXP3 + T reg cell-depletion experiments using adult DEREG mice 9 crossed with Foxp3 GFP mice 10 revealed that the constitutive presence of T reg cells is required for the prevention of autoimmune inflammation and colitis 11 . In humans, mutations in FOXP3 result in immunodysregulation, polyendocrinopathy, enteropathy X-linked syndrome (IPEX) [12] [13] [14] . Furthermore, the clinical administration of an antibody against cytotoxic T lymphocyte antigen 4 (CTLA4), which is a crucial suppressive molecule expressed by T reg cells, to treat patients with cancer induces colitis as a side effect 15 . Therefore, it is now well established that FOXP3 + CD4 + T reg cells are central to the maintenance of immune homeostasis and tolerance throughout the body and in particular in the intestines.
Patients lacking a functional interleukin-10 (IL-10) receptor develop colitis with an earlier onset and higher penetrance than patients with FOXP3 + T reg cell deficiency 16 , which suggests that compensatory tolerance mechanisms for FOXP3 + T reg cells may be operative in the human intestines. Indeed, several suppressive FOXP3 − T cell subsets can be found in the intestines, such as IL-10-expressing 17 and transforming growth factor-β (TGFβ)-expressing CD4 + CD25 −
LAG3
+ T cells 18 .
Therefore, FOXP3
+ T reg cells probably function cooperatively with FOXP3 − suppressive T cells to maintain tissue homeostasis in the intestines.
DEREG mice
(Depletion of regulatory T cells mice). Transgenic mice expressing a diphtheria toxin receptor under the control of the forkhead box P3 (Foxp3) gene promoter, using a bacterial artificial chromosome. Administration of diphtheria toxin to these mice results in the conditional deletion of FOXP3 + regulatory T cells.
Development and maintenance of intestinal regulatory T cells
Takeshi Tanoue 1 Immunodysregulation, polyendocrinopathy, enteropathy X-linked syndrome (IPEX syndrome). A primary immunodeficiency caused by mutations in forkhead box P3 (FOXP3). Patients with this syndrome have defective functional regulatory T cells and develop insulin-dependent diabetes, thyroiditis, eczema, haemolytic anaemia and inflammatory bowel disease. In the absence of a bone marrow transplant, these patients die at an early age.
T follicular helper cell
(T FH cell). A CD4 + T helper cell lineage that is essential for the induction of class switching in the germinal centres of secondary lymphoid follicles during antibody responses to T cell-dependent antigens. These cells support the differentiation of antigen-specific B cells into memory B cells or plasma cells.
Germ-free mice
Mice that are completely free of the presence of other organisms. Germ-free mice are produced by hysterectomy rederivation and must be maintained in sterile isolators under very strict handling procedures to keep them germ-free.
Antibiotic-treated mice
A generally accessible alternative to using germ-free mice in which the microbiota of conventional mice is depleted by using a combination of broad-spectrum antibiotics. A combination of ampicillin, vancomycin, neomycin and metronidazol is frequently used for this purpose. However, any antibiotic treatment protocol tested so far achieves only an incomplete depletion of the microbiota.
FOXP3
+ CD4 + T reg cells are present in every organ of the body and constitute approximately 10% of the total CD4
+ T cell population. However, in the intestinal lamina propria, they constitute a much higher proportion: more than 30% of CD4 + T cells in the colonic lamina propria and about 20% in the small intestinal lamina propria [19] [20] [21] [22] [23] . Intestinal FOXP3 + T reg cells regulate mucosal immune responses at multiple cellular levels through various molecular mechanisms. They constitutively express CTLA4, inducible T cell co-stimulator (ICOS), IL-10, TGFβ and IL-35, and inhibit bystander T cells to maintain immune tolerance to dietary components and intestinal microbiota [24] [25] [26] [27] [28] [29] . A subset of T reg cells has an important role in mucosal IgA production by controlling expansion of T follicular helper cell (T FH cell) popu lations and the germinal centre reaction 30, 31 . T reg cells suppress immunopathology mediated by effector T cells, and mice with fewer numbers or lower suppressive activity of colonic T reg cells are more susceptible to infection and mucosal injury by pathogens such as Citrobacter rodentium and Helicobacter hepaticus 32, 33 . T reg cell numbers in the colonic lamina propria are decreased, and the remaining cells have severe reductions in the expression of CTLA4, IL-10 and ICOS in germ-free mice and antibiotic-treated mice compared with wild-type mice [20] [21] [22] [23] 34 . Therefore, the accumulation and the functional maturation of colonic T reg cells are affected by the intestinal microbiota. By contrast, the numbers of FOXP3 + T reg cells in the small intestines are unchanged or increased in germ-free mice compared with specific pathogen-free mice (SPF mice) 20, 21 . A very recent study showed that the number of small intestine T reg cells, but not colonic T reg cells, was severely reduced when germfree mice were fed with an antigen-free diet (termed antigen-free mice) 35 , which suggests that a substantial part of the T reg cell population in the small intestines, but not in the colon, is induced by dietary antigens.
Recent studies have clarified the roles played by individual members of the gut microbiota in the induction of colonic T reg cells. In turn, the host-microbiota symbiotic relationship in the gut relies on T reg cells that control antigen-specific immune responses directed to gut microorganisms. In this Review, we discuss the unique features of intestinal T reg cells and the underlying regulatory mechanisms controlling their development and functional maturation, which are affected by dietary and microbial stimuli. 
+ T reg cells are abundantly present in the intestinal lamina propria but not in other organs 20, 22, 42 . In addition, the frequencies of Helios
+ T reg cells in the colon of germ-free mice and in the small intestines of antigen-free mice are significantly reduced compared with wild-type mice 22, 35 , which suggests that T reg cells with this phenotype are likely to be pT reg cells that are induced by commensal microorganisms and/or dietary antigens. However, it should be noted that these mol ecules can be upregulated in an inflammatory environment 43 and therefore tT reg cells and pT reg cells cannot yet be unambiguously distinguished from each other.
Molecular studies have also shed light on the different factors that promote the development of tT reg and pT reg cell subsets. FOXP3 expression is regulated by Foxp3 intronic enhancers, termed conserved noncoding sequence 1 (CNS1) to CNS3 (FIG. 1) . CNS3 has been shown to be involved in the initial induction of FOXP3 in tT reg cells by recruiting the transcription factor REL to the Foxp3 locus; therefore, CNS3-deficient mice have a marked reduction in tT reg cells, whereas the pT reg cell compartment seems to be intact 44 . By contrast, CNS1 serves as the response element for the TGFβ-SMAD signalling pathway 45 (FIG. 1) . CNS1 also contains a binding site for the retinoic acid receptor (RAR) and retinoid X receptor (RXR) heterodimer, which is activated by retinoic acid 46 . Ablation of CNS1 impairs pT reg cell induction, particularly in the gut and lungs, whereas tT reg cell differentiation remains normal 47 . Although CNS1-deficient mice do not show multi-organ auto immunity, they spontaneously develop T H 2-type pathologies in the gut and the lungs 47 , which suggests the important involvement of pT reg cells in the constitutive regulation of T H 2-biased immune responses in mucosal tissues.
TCR usage of colonic FOXP3 + T reg cells greatly differs from that in other organs, as shown by the sequencing of the TCR repertoires of colonic T reg cells 48 . T cell hybridoma lines expressing TCRs from colon T reg cells recognized bacterial antigens derived from Clostridium and Parabacteroides species 48 . Furthermore, cell fate tracking experiments using immature T cells expressing a transgenic TCR cloned from colonic T reg cells showed that the proliferation and the differentiation of the transgenic T cells into T reg cells occurs in the colon in the presence of cognate gut commensal bacteria and not in the thymus 48 . Therefore, a subset of T reg cells in the colon is likely to differentiate extrathymically as a result of an encounter with bacterial and food antigens (FIG. 2) . 
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Specific pathogen-free mice (SPF mice). Mice that harbour a complex diversity of commensal microorganisms but are free of a specific list of organisms. The list of organisms typically includes disease-causing pathogens that can affect mouse health and research outcomes, as well as opportunistic organisms (pathobionts) that typically do not cause illness in normal, healthy mice. However, it was reported that the vast majority of TCRs from colonic T reg cells were shared with T reg cells in the thymus 49 , thus suggesting that colonic T reg cells mainly comprise tT reg cells rather than pT reg cells. It is therefore possible that tT reg cells are selected by self antigen recognition in the thymus, followed by popu lation expansion through the recognition of cross-reactive microbial antigens in the intestines (FIG. 2) . Another study 50 showed that T reg cell accumulation in the intestines was normal in keratin 14-transgenic mice (K14-transgenic mice), in which a transgene encoding MHC class II I-A b is expressed only by cortical thymic epithelial cells, which suggests that intestinal T reg cell accumulation may occur independently of peripheral MHC class II-TCR interaction. This report also suggested that there may be a unique T reg cell niche in the small intestines and colon where tT reg cells migrate during early life and are maintained thereafter without TCR stimulation 50 . As the number of T reg cells in the small intestines and colon of K14-transgenic mice was decreased by treatment with antibiotics, the T reg cell niche may be maintained by continuous microbiota stimuli 50 
(FIG. 2).
The relative contribution of each of the above developmental pathways to the total pool of intestinal T reg cells is still controversial. These pathways may not be mutually exclusive and may have different contributions depending on the circumstances. Importantly, whatever their origin, all reports commonly show that the TCR repertoire of colonic T reg cells is heavily influenced by the composition of the microbiota. Therefore, it seems clear that colonic T reg cells recognize and suppress immune responses against antigens derived from commensal microorganisms. Indeed, it has been shown that an overly restricted TCR repertoire results in a paucity of Helios − T reg cells, which is accompanied by a loss of tolerance to the microbiota and the spontaneous development of T H 17 cell-driven colitis 51 . 53 . Furthermore, upon adoptive transfer into lymphopenic hosts, a subset of FOXP3 + T cells lose In the first mechanism (left), the colonic environment, which is rich in transforming growth factor-β (TGFβ), retinoic acid, microbial antigens and microbial metabolites, promotes de novo differentiation and expansion of the peripherally derived regulatory T (pT reg ) cell population from naive CD4 + T cells. In the second mechanism (middle), thymus-derived regulatory T (tT reg ) cells that are selected by self antigens in the thymus upregulate gut-homing receptors, such as α4β7 integrin, CC-chemokine receptor 9 (CCR9) and G proteincoupled receptor 15 (GPR15), when they encounter intestinal environment enriched in retinoic acid and microbial metabolites. Retinoic acid upregulates α4β7 integrin and CCR9 expression, whereas short-chain fatty acids (SCFAs) induce expression of GPR15 on T reg cells. The accumulated tT reg cells undergo proliferation through the recognition of microbiota antigens. In the third mechanism (right), microbiota stimuli create and maintain a unique T reg cell niche in the intestines where tT reg cells migrate during early life and are continuously replenished by in situ proliferation through a mechanism that is independent of interleukin-2 (IL-2) and of MHC class II-dependent antigen presentation.
Stability of intestinal T reg cells.
expression of FOXP3 and become so-called 'ex-T reg ' cells, particularly in the intestines 54 . Ex-T reg cells do not simply become anergic T cells but instead develop into effector T cells. In the intestines, they may have unique roles, such as promoting IgA production through differentiation into T FH cells 55 . Therefore, a subset of intestinal FOXP3 + T cells, particularly the pT reg cell subset, is thought to be incompletely committed to a stable T reg cell lineage.
Accumulating evidence suggests that, in addition to FOXP3 expression, concomitant induction of T reg cell-specific epigenetic changes is required for lineage specification and for full suppressive activity of T reg cells 56, 57 . The Foxp3 gene locus (CNS2 region in particular) and several T reg cell-specific signature gene loci, such as Ctla4 and tumour necrosis factor receptor superfamily member 18 (Tnfrsf18; which encodes the suppressive molecule GITR), need to be fully demethy lated for the cells to become stable T reg cells 56 . The demethylation of these gene loci occurs independently of FOXP3 expression 56 .
The demethylation of CNS2 in the Foxp3 gene locus allows binding of FOXP3 itself to CNS2, with the help of runt-related transcription factor 1 (RUNX1), resulting in stable FOXP3 expression 56, 58 (FIG. 1) . Signal transducer and activator of transcription 5 (STAT5) activated by IL-2 binds to CNS2 and crucially contributes to its demethylation 59 . The STAT5-mediated demethylation of CNS2 leads to sustained expression of FOXP3 even after cell division 59 . Accordingly, CNS2-deficient T reg cells are sensitive to a paucity of surrounding IL-2 and prone to losing FOXP3 expression in response to strong TCR activation or to stimulation with pro-inflammatory cytokines 59, 60 . Indeed, CNS2-deficient T reg cells are particularly poor at maintaining FOXP3 expression in the small intestines, liver and lungs, where T reg cells are constitutively stimulated by pro-inflammatory cytokines and by abundant foreign antigens 59 . Importantly, recent reports have shown that, unlike in vitro-induced T reg cells, the CNS2 region of colonic NRP1 − pT reg cells is demethylated to almost similar levels as seen in tT reg cells 22, 61 64 . Similarly, the characteristic T H 2 cell transcription factor GATAbinding protein 3 (GATA3) is upregulated and forms a complex with FOXP3 in T reg cells upon TCR stimulation 65, 66 . GATA3 enhances FOXP3 stability and facilitates the accumulation of T reg cells in the inflamed intestines, such as after bone marrow transplantation 65 . Although ablation of T-bet or GATA3 alone in T reg cells has no substantial effect on T reg cell functionality in the steady state, ablation of both T-bet and GATA3 in T reg cells leads to a spontaneous inflammation in the liver, lungs and intestines, which suggests that T-bet + T reg cells and GATA3 + T reg cells function cooperatively to maintain immune homeostasis in these tissues 67 . The expression of interferon-regulatory factor 4 (IRF4) in T reg cells was shown to be required for the expression of molecules associated with type 2 responses, such as ICOS and CC-chemokine receptor 8 (CCR8), and for subsequent suppression of T H 2 cell responses 28 . B cell lymphoma 6 (BCL-6)-expressing T reg cells, which are termed T follicular regulatory (T FR ) cells, upregulate CXCR5 and migrate into the lymphoid follicles of lymph nodes and Peyer's patches where they control expansion of T FH cells and the germinal centre reaction 30, 68 . Thus, by acquiring diverse migratory and suppressive mechanisms, T reg cells can influence a broad range of cell populations and exert suitable suppressive activities in a variety of anatomical locations and disease contexts.
RORγt
+ and GATA3 + T reg cells. A substantial fraction of T reg cells in the colon (~65% of the T reg cell population) and in the small intestines (~35%) express RARrelated orphan receptor γt (RORγt) 61 A considerable proportion of FOXP3 + T reg cells express GATA3 in the colon (~15%) and in the small intestines (~20%) 65 (FIG. 3) . GATA3 + T reg cells are distinct from RORγt + T reg cells, and the majority of GATA3 + T reg cells are Helios + and are unaffected by the absence of the gut micro biota, which suggests that they are mostly derived from tT reg cells 71 . As GATA3 expression is upregulated by TCR engagement and is maintained by exposure to IL-2 (REF. 65 ), it is likely that the abundance of antigens and IL-2 in the gut promotes the generation of GATA3 + T reg cells. GATA3-deficient T reg cells have an impaired ability to accumulate in the intestines and to maintain high levels of FOXP3 expression in inflammatory settings 65 . GATA3
+ T reg cells in the colon co-express the IL-33 receptor ST2 (also known as IL-1RL1) 72 (FIG. 3) 75 . Continuous signalling through the TCR and subsequent IRF4 expression has been shown to be required for the maintenance of colon effector T reg cell-like cells 75 . Indeed, tamoxifeninduced T reg cell-specific deletion of TCRα or IRF4 has been shown to result in a significant decrease in colonic effector T reg cell numbers, whereas CD44 low CD62L hi naive T reg cells were unaffected 75 . Although IRF4 expression in T reg cells was initially shown to be crucial for the inhib ition of T H 2 cell responses as described above, IRF4 is now considered to have a broader role in controlling the differentiation and the function of effector T reg cells 75, 76 . 79 . In addition to myeloid cells, T H 17 cells express a high level IL-10Rα. The overexpression of a dominant-negative form of IL-10Rα specifically on T cells leads to an abnormal increase of T H 17 cells in the intestines following intraperitoneal administration of a CD3-specific antibody to drive T cell proliferation 80 , which indicates a role of IL-10 in the suppression of T H 17 cells. By contrast, deletion of the 3-phosphoinositide-dependent protein kinase 1 (Pdk1) gene in T cells impairs production of IL-10 by T reg cells, which is accompanied by a dramatic increase in the number of CD8 + γδ T cells 81 . (FIG. 4) .
Therefore, IL-10 from T reg cells is necessary for suppressing myeloid cells, γδ T cells and T H 17 cells
IL-10 expression in T reg cells is regulated by STAT3 and not by FOXP3 (REF. 82).
In fact, FOXP3 positively regulates only a limited number of genes, such as Foxp3, Ctla4 and IL-2 receptor subunit-α (Il2ra) and the main function of FOXP3 is to repress the expression of many other genes 83 . T reg cell-specific deficiency of Stat3 leads to reduced expression of IL-10, as well as to attenuated expression of CCR6, granzyme B and Epstein-Barr virus induced 3 (EBI3; also known as IL-27β), which is a component of the anti-inflammatory cytokine IL-35 (REF. 82 ). As IL-10R signalling activates STAT3, it is likely that a feed-forward IL-10 loop functions in T reg cells (FIG. 4) . Indeed, mice with T reg cells lacking Il10ra show a similar phenotype to mice with STAT3-deficient T reg cells; both show significantly diminished production of IL-10 from T reg cells and develop colitis mediated by T H 17 cells driven by commensal microbiota 82, 84 . Importantly, the number of IL-10 + T reg cells in the colonic lamina propria is strikingly decreased in germ-free mice 20 . Therefore, it is likely that gut microbiota-regulated signalling initiates STAT3 activation in T reg cells for IL-10 production, which amplifies IL-10 production by T reg cells, and that IL-10 + T reg cells in turn function to suppress immune responses to commensal microbiota. In addition to STAT3, the coordinated activity of IRF4 and B lymphocyte-induce maturation protein 1 (BLIMP1; also known as PRDM1) has been reported to be crucial for the regulation of IL-10 production by T reg cells 76 . Therefore, multiple signalling pathways lead to activation of Il10 in T reg cells.
It is noteworthy that patients lacking a functional IL10R develop severe colitis with an earlier onset and a higher penetrance than patients with FOXP3 deficiency 16 . Ablation of IL-10 in T reg cells 26 leads to spontaneous colitis, albeit less severe than that in mice with T reg cells lacking IL-10RA 84 or STAT3 (REF. 82 ). Therefore, it is highly likely that IL-10 from non-T reg cells, such as macrophages, regulatory B cells or T regulatory type 1 cells (T R 1 cells) has a compensatory role in maintaining intestinal immune homeostasis.
Mechanisms for T reg cell accumulation As described above, there is now compelling evidence for heterogeneity among intestinal T reg cells. In particular, intestinal T reg cells contain a pT reg cell population, the role of which is to prevent inflammatory responses against commensal microbiota, diet and other harmless antigens. However, the cellular and molecular mech an isms underlying the development and the functional maturation of pT reg cells that are suitable for the intestinal environment are not fully understood. Various studies indicate that multiple mechanisms are engaged to induce intestinal pT reg cells.
Microbiota-mediated T reg cell accumulation.
There is abundant evidence that the gut microbiota affects the number, the function and the TCR repertoire of colonic T reg cells. Among the intestinal microbiota, the vancomycin-sensitive and chloroform-resistant spore-forming members have been shown to strongly + dendritic cells (DCs) and innate lymphoid cells (ILCs). These cells are activated in the intestinal environment, particularly by the gut microbiota. The microbiota activates IECs to induce expression of indoleamine 2,3-dioxygenase (IDO), thymic stromal lymphopoietin (TSLP) and WNT ligands, which condition DCs to express aldehyde dehydrogenase (ALDH), which is required for conversion of vitamin A to retinoic acid. The microbiota also activates macrophages through Toll-like receptors (TLRs) to produce IL-1β, which induces production of colony-stimulating factor 2 (CSF2) by RAR-related orphan receptor γt (RORγt) + group 3 ILCs (ILC3s). CSF2 causes DCs to produce ALDH, interleukin-10 (IL-10) and transforming growth factor-β (TGFβ). The microbiota, particularly Clostridia species, produces short-chain fatty acids (SCFAs) through the fermentation of dietary fibre, which are taken up by colonic epithelial cells but also diffuse through the epithelium into the lamina propria, where they can mediate their effects directly on DCs and T cells. SCFAs bind GPR109A on DCs and induce expression of ALDH. SCFAs also directly act on T cells via GPR43 or can enter T cells where they function as a histone 
Altered Schaedler flora (ASF).
A standard enteric flora that were selected for their dominance and persistence in the normal microflora of mice. ASF contains eight species. The 16S gene sequence of ASF360 is identical to Lactobacillus acidophilus, whereas that of ASF361 is similar to that of Lactobacillus murinus and Lactobacillus animalis. ASF519 is related to Bacteroides distasonis, whereas ASF356, ASF502 and ASF492 fall within Clostridia cluster XIV. ASF457 is a spiral-shaped bacterium that clusters with the Flexistipes species, whereas ASF500 is not closely related to any of the sequences in the database.
Outer membrane vesicles
(OMVs). Spherical buds of the outer membrane filled with periplasmic content produced by Gram-negative bacteria. The production of OMVs allows bacteria to interact with their environment, thereby having an important role in bacterial physiology as well as in virulence and commensalism. As commensal bacteria generally do not make intimate contact with host cells, OMVs appear to provide a suitable mechanism for members of the microbiota to deliver molecules to the host.
induce the accumulation of colonic T reg cells 20 . The predominant species in the microbiota that possess such features belong to the class Clostridia. In fact, the oral administration of germ-free mice with a mixture of 46 strains of Clostridia -which were originally isolated from chloroform-treated faecal material of conventional mice on the basis of their capacity to normalize the size of the enlarged cecum of germ-free mice upon transfer 85 -leads to a strong induction of colonic T reg cells 20 ( 34, 70 . Clostridia strains can also facilitate the expression of IL-10, CTLA4 and ICOS by colonic T reg cells 20, 34 , and mice with abundant Clostridia strains in their intestines show resistance to colitis induced by dextran sodium sulfate (DSS) or oxazolone treatment 20, 34 . In addition to T reg cells, Clostridia species induce IL-22-producing ILCs, which help to reinforce the epithelial barrier to reduce intestinal permeability to dietary proteins 23 . Therefore, mice colonized with chloroform-resistant, Clostridiacontaining microbiota show a suppressed IgE and IgG1 response in a food allergy model 23 . Clostridia-induced T reg cells also promote IgA production in the intestines, which contributes to reduced mucosal uptake of microbiota antigens, thus preventing systemic T cell activation 31 . Furthermore, the induced IgA increases the diversity of the microbiota, particularly among Clostridia species 30 . Therefore, Clostridia species induce T reg cells, ILCs and IgA-producing cells, which in turn maintain the diversity of the microbiota.
The above described T reg cell-inducing commensal strains all belong to the Clostridia clusters IV, XIVa and XVIII. Colonization with Clostridium ramosum (cluster XVIII) has also been shown to induce an increase of RORγt + T reg cells 71 (TABLE 1) . Faecalibacterium prausnitzii (cluster IV) is a bacterium that is resident in humans and forms a significantly smaller proportion of the faecal microbiota community in patients with Crohn disease than in healthy individuals 86 . F. prausnitzii is shown to promote the accumulation of IL-10-expressing
+ regulatory T cells in the colon and the blood of humans 87 . A small consortium of microorganisms including Bacteroides distasonis (altered Schaedler flora 519 (ASF519)), Lactobacillus murinus (ASF361), Lactobacillus acidophilus (ASF360), Mucispirillum schaedleri (ASF457) and Clostridium clostridioforme (Clostridia cluster XIVa), is also capable of increasing the numbers of T reg cells in the mouse colonic lamina propria 21 , although colonization with C. clostridioforme alone cannot induce T reg cells 21 
.
The precise mechanism by which Clostridia stimulate the induction of colonic T reg cells remains to be elucidated. Although Clostridia do not adhere to IECs, they colonize the mucus layer near the epithelium and exert a powerful influence on IECs 20 . In fact, Clostridia colonization increases the expression of TGFβ and indoleamine 2,3-dioxygenase (IDO; an important tryptophan-catabolizing immunoregulatory enzyme) by IECs 20 , which may contribute to de novo induction of T reg cells. Clostridia species seem to function synergistically or additively to stimulate IECs and to help polarize T cells to become T reg cells, because in most cases colonization with a single species is ineffective 34 . One suggested mechanism of action is the cooperative production of shortchain fatty acids (SCFAs) through fermentation of dietary fibre 34, [88] [89] [90] [91] , although there is conflicted literature on the role of SCFAs in mediating the effects of the microbiota on T reg cells 71 . SCFAs are taken up by colonic epithelial cells and also diffuse through the epithelium into the colonic lamina propria, where they mediate their effects directly on DCs and T cells (see below) (FIG. 4; TABLE 1 ).
The induction of T reg cells can also be activated by non-Clostridia members of the microbiota; lactobacilli and bifidobacteria in particular have been implicated in this activity (TABLE 1) . Treatment of mice with VSL#3 (a mixture of 8 strains of Bifidobacterium, Lactobacillus and Streptococcus species), Lactobacillus reuteri or Lactobacillus murinus increases the percentage of T reg cells in the intestines [92] [93] [94] . However, the magnitude and the mechanisms of T reg cell induction by these lacto bacilli and bifidobacteria have not been well characterized. Bacteroides fragilis is one of the most remarkable examples of human commensal Bacteroides species that can facilitate the functional maturation of T reg cells in mice. Monocolonization with B. fragilis boosts IL-10 production by colonic T reg cells and this activity is mediated by bacterial polysaccharide A (PSA) 19 (FIG. 4; TABLE 1) . B. fragilis releases outer membrane vesicles (OMVs) containing PSA, which are taken up by colonic lamina propria DCs and which elicit signalling through Toll-like receptor 2 (TLR2) to induce IL-10 production via growth arrest and DNA damage-inducible 45α (GADD45α) 95 . The DC-derived IL-10 then acts on T reg cells, inducing them to produce IL-10. In addition to B. fragilis, several Bacteroides species including Bacteroides caccae and Bacteroides thetaiotaomicron have been shown to induce the accumulation of FOXP3 + cells, particularly NRP1 − RORγt + pT reg cells, in the colon upon monocolonization in mice 71, 96 . Collectively, there is considerable overlap between the responses to Clostridia and to Bacteroides species, indicating the convergence of different pathways in the regu lation of T reg cells in the intestines. Considering that Clostridia and Bacteroides species are two prominent members of the mammalian gut microbiota, the induction and the maintenance of colonic T reg cells is a common and crucial mechanism to maintain the homeostatic and the beneficial relationship between the microbiota and the host.
Diet-derived signals. The development of intestinal T reg cells is affected by antigens (see above) and several metabolites derived from diet. Retinoic acid metabolized from dietary vitamin A by aldehyde dehydrogenase (ALDH) in lamina propria DCs has a crucial role in the differentiation and accumulation of 38, 39 . In addition, retinoic acid upregulates the expression of gut-homing markers including CCR9 and α4β7 integrin on pT reg cells 39, 98 . However, in conjunction with IL-15, retinoic acid activates DCs to produce proinflammatory cytokines and to abrogate tolerance to dietary antigens 99 . Therefore, the action of retinoic acid is context dependent and mediates both anti-inflammatory and pro-inflammatory effects. The dual function of retinoic acid is highly reminiscent of the action of TGFβ, which is also a crucial inducer of pT reg cell differentiation but can lead to the generation of T H 17 cells in the presence of IL-6 (REF. 100 ). ALDH, aldehyde dehydrogenase; BCL-2, B cell lymphoma 2; CNS, conserved non-coding sequence; CSF2, colony-stimulating factor 2; CTLA4, cytotoxic T lymphocyte antigen 4; DC, dendritic cell; FOXP3, forkhead box P3; DSS, dextran sodium sulfate; EAE, experimental autoimmune encephalomyelitis; GADD45α, growth arrest and DNA damage-inducible 45α; GATA3, GATA-binding protein 3; GPR, G protein-coupled receptor; HDAC, histone deacetylase; ICOS, inducible T cell co-stimulator; ICOSL, ICOS ligand; IDO, indoleamine 2,3-dioxygenase; ILC3, group 3 innate lymphoid cell; IEC, intestinal epithelial cell; IL, interleukin; IL-10R, interleukin-10 receptor; MLN, mesenteric lymph node; NOD, non-obese diabetic; NRP1, neuropilin 1; OMV, outer membrane vesicle; OVA, ovalbumin; pDC, plasmacytoid dendritic cell; pT reg cell, peripherally derived regulatory T cell; PSA, polysaccharide A; RORγt, retinoic acid receptor-related orphan receptor γt; SCFA, short-chain fatty acid; TGFβ, transforming growth factor-β; TLR, Toll-like receptor; TNBS, trinitrobenzene sulfonic acid; T R 1, T regulatory type 1; T reg cell, regulatory T cell.
Vitamin D3 acquired from diet is metabolized to 1,25-dihyroxyvitamin D3, which binds nuclear vitamin D receptor in CD4 + T cells to promote FOXP3 expression 101 . Vitamin B9 (also known as folic acid) is a water-soluble vitamin derived from both diet and commensal bacteria. The vitamin B9 receptor (folic acid receptor 4) is highly expressed on T reg cells 102 and maintains colonic T reg cell survival by upregulating the anti-apoptotic factor BCL-2 (REF. 103 ). Mice fed with a vitamin B9-deficient diet show a selective reduction in colonic T reg cells and a higher susceptibility to trinitrobenzene sulfonic acid (TNBS)-induced colitis 103 . Tryptophan is an essential amino acid contained in various foods. Tryptophan is metabolized to kynurenin by IDO activity in IECs and DCs and contributes to T reg cell development through the aryl hydro carbon receptor 104 and other mechanisms. Kynurenin is further metabolized to kynurenic acid, which can function as an agonist for G protein-coupled receptor 35 (GPR35) 105 . Of note, a single-nucleotide polymorphism (SNP) in GPR35 has been implicated in human IBD 106 . Another tryptophan derivative, niacin (also known as vitamin B3) also has anti-inflammatory properties 107 . Niacin binds GPR109A (also known as HCAR2; encoded by Niacr1) on colonic macrophages and DCs and enables them to induce the differentiation of T reg cells and T R 1 cells in the colon 108 . Accordingly, Niacr1 −/− mice show enhanced susceptibility to colitis 108 . Dietary fibres are complex carbohydrates, which can be fermented by certain species of gut bacteria, particularly by Clostridia and Bacteroides species (FIG. 4;  TABLE 1 ). SCFAs, such as acetate, butyrate and propionate, are the main products of the fermentation in the gut, particularly in the colon. The collected genomes of the 17 T reg cell-inducing strains of Clostridia contain abundant genes predicted to be involved in the biosynthesis of SCFAs 88 . These 17 strains predominantly colonize the colon, produce SCFAs and stimulate colonic epithelial cells, DCs and T cells, which results in the accumulation of colonic T reg cells 34 . SCFAs modulate host cell functions by inhibiting histone deacetylase (HDAC) activity 90, 91 or through the activation of G protein-coupled receptors such as GPR43 (also known as FFAR2) and GPR109A 89, 108 . SCFAs suppress the expression of the nuclear factor-κB (NF-κB) component RELB and pro-inflammatory cytokines within DCs through HDAC inhibition, which promotes T reg cell induction 91 . Butyrate activates signalling pathways through GPR109A to induce anti-inflammatory genes in DCs resulting in the differenti ation of T reg cells and IL-10-producing T R 1 cells 108 . SCFAs can also directly stimulate T reg cell proliferation through activation of GPR43 (REF. 89 ) and the differentiation of naive CD4 + T cells into pT reg cells through histone H3 acetylation of CNS1 of Foxp3 by HDAC inhibition 90 (FIGS 1,4) .
Furthermore, SCFAs upregulate GPR15 expression, which promotes the accumulation of T reg cells in the colon 33, 89 . Thus, SCFAs induce colonic T reg cell accumulation through multiple mechanisms.
Cell-derived signals. Intestinal lamina propria DCs expressing CD103 (also known as αE integrin) are migratory, potent antigen-presenting cells that can extend their dendrites through the IEC layer and capture luminal antigens, similarly to CX 3 C-chemokine receptor 1 (CX 3 CR1) + lamina propria macrophages 109 . CD103 + DCs also obtain luminal antigens by a unique transport system through goblet cells 110 . In addition, Gram-negative microorganisms release bacterial antigen containing OMVs, which gain access to IECs and DCs 111 . CD103 + DCs express αvβ8 integrin, which converts latent TGFβ into its active form 112 , as well as ALDH that metabolizes vitamin A into retinoic acid 38, 97 (FIG. 4) . As a result, CD103 + DCs preferentially promote the generation and the homing of T reg cells to the intestinal mucosa 38, 97 (FIG. 4) . It has been shown that constitutive activation of β-catenin is required for upregulation of ALDH and TGFβ gene expression in small intestine and colonic lamina propria DCs and for subsequent T reg cell induction 119 . WNT ligands are produced by surrounding cells in the intestines, particularly by IECs, and constitutively stimulate DCs through the WNT-Frizzled signalling pathway to activate β-catenin 119 . Thymic stromal lympho poietin (TSLP) is produced by colonic epithelial cells in steady-state conditions as a result of stimulation by the gut microbiota 120 . DCs and CD4 + T cells express TSLP receptor (TSLPR) and TSLP conditions DCs or acts directly on CD4 + T cells to promote the proliferation of Helios − pT reg cells within the colon 120, 121 . Indeed, Helios − T reg cell accumulation was defective in the colon of Tslpr −/− mice and was accompanied by an accumulation of T H 17 cells; however, these observations were made in ASF-colonized Tslpr −/− mice but not in SPF mice, which suggests that the TSLP-TSLPR pathway is activated by a subset of the gut microbiota 120 . RORγt + group 3 ILCs (ILC3s) also affect the functional characteristics of DCs and the number of T reg cells in the colon 122 . Stimuli from the gut microbiota, including TLR ligands, induce the production of IL-1β from lamina propria macrophages, and the produced IL-1β acts on neighbouring ILC3s to produce colonystimulating factor 2 (CSF2; also known as GM-CSF) 122 . CSF2 produced by ILC3s then acts on colonic CD103 + DCs to enhance ALDH activity and the production of TGFβ and IL-10, thereby conditioning DCs to induce T reg cells in the colon 122 (FIG. 4) .
Therefore, in contrast to a previously favoured simple deterministic model in which developmentally pre-programmed subsets of DCs dictate T cell polarization in the intestines, T reg cell generation involves numerous mechanisms that function in a cell-intrinsic and a cell-extrinsic manner. It is likely that macrophages, ILCs and DCs are strategically positioned beneath the IECs to sense the types and the features of the intraluminal microorganisms, as well as dietary components, to coordinately regulate T cell homeostasis in the intestines. Although it is not clear whether colonic T reg cell differentiation takes place in the mesenteric lymph nodes (MLNs) or locally in the colonic lamina propria, T reg cell differentiation in the small intestines has been shown to be initiated in MLNs by migratory CD103 + DCs, followed by their migration of T reg cells into the small intestine lamina propria, where they receive proliferative signals from resident CX 3 CR1 + macrophages 123 . Therefore, stimuli in the intestinal lamina propria and/or MLNs create a complex cellular and molecular environment that leads to differenti ation, lineage stabilization, migration, proliferation and functional maturation of T reg cells to maintain intestinal immune homeostasis (FIG. 4) .
Future perspectives for clinical translation Dysbiosis probably affects T reg cells, resulting in disruption of the mucosal barriers, and consequently, in chronic inflammation 124 . The treatment of dysbiosis has important therapeutic implications for diseases such as IBD. The high efficacy of faecal microbiota transplantation (FMT) for Clostridium difficile infection has established as a proof of principle the feasibility of manipulating the human microbiome 125 . However, FMT poses several problems, such as risk of pathogen contamination and patient acceptance. Moreover, FMT has so far mainly failed as a treatment for IBD 126 . Therefore, the identification and the isolation of the key microorganisms and small molecules responsible for the beneficial effects of the microbiota would be ideal. In this context, T reg cell-inducing members of the microbiota described in this Review open up new therapeutic options (TABLE 1) . It has been reported that Clostridia clusters IV and XIVa and Bacteroides species comprise a reduced proportion of the intestinal microbiota in patients with IBD 127 , asthma 128 and multiple sclerosis 129 . These findings suggest that T reg cell-inducing Clostridia and/or Bacteroides species supplementation therapy could be an effective treatment for several immune disorders. Further understanding of the cellular and the molecular mechanisms responsible for the tissue-specific and condition-adapted development of stable T reg cell populations in the intestines could provide new therapeutic options for many inflammatory diseases.
